A comprehensive analysis of the elementary processes behind the scanning tunneling microscope controlled rotation of C 2 H 2 and C 2 D 2 , isotopologues of a single acetylene molecule adsorbed on the Cu(001) surface is given, with a focus on the isotope effects. With the help of density-functional theory we calculate the vibrational modes of C 2 H 2 and C 2 D 2 on Cu(001) and estimate the anharmonic couplings between them, using a simple strings-on-rods model. The probability of the elementary processes -non-linear and combination band -are estimated using the Keldysh diagram technique. This allows us to clarify the main peculiarities and the isotope effects of the C 2 H 2 and C 2 D 2 on Cu(001) rotation, discovered in the pioneering work [Stipe et al., Phys. Rev. Lett. 81, 1263], which have not been previously understood.
I. INTRODUCTION
The utmost nanotechnology, that is, a method to manipulate a single atom and/or molecule adsorbed on a solid surface has been developed in the last twenty years as an impressive implementation of the scanning tunneling microscope (STM) and inelastic electron tunneling spectroscopy (IETS). [1] [2] [3] [4] [5] [6] In a recent Letter 7 we clarified the elementary processes behind one of the pioneering works on single molecule manipulation, the rotation of a single acetylene molecule on the Cu(001) surface. 5 However, the isotope effect in the acetylene / deuterated acetylene rotations on Cu(001) also discovered in Ref. 5 was left beyond the scope of our letter. The goal of the present paper is to extend our approach of Ref. 7 in order to give a comprehensive analysis of the STM-induced acetylene C 2 H 2 and deuterated acetylene C 2 D 2 rotations on Cu(001), with a special emphasis on the isotope effects.
The work of Stipe, Rezaei, and Ho 5 appeared to be the first thorough and systematic experiment on a single adsorbate manipulation made in combination with STM-IETS. This has been established since then as an indispensable experimental method in order to gain insight into the vibrationally mediated motions and reactions of single molecules with STM (see, e.g., in Ref. 8 
and references therein).
The work 5 was also the first where the responsible for modification vibrational mode was not directly excited by the tunneling electrons. The observed rotation yield Y(V) per electron as a function of bias voltage V for C 2 H(D) 2 exhibits the threshold at 358 (266) meV corresponding to excitation of the C-H(D) stretch mode. The peak in the ∆log(Y)/∆V plot agreed with the observed IETS spectrum (d 2 I/dV 2 ) for both systems. The threshold energy of the rotation yield Y(V) and the peak in the ∆log(Y)/∆V plot indicated that a selective excitation of the C-H(D) stretch mode is a trigger for the rotation. In this respect, it is very different from, e.g., the rotation of a single oxygen molecule on Pt(111) surface, 4 where the hindered rotational mode can be directly excited by the tunneling electrons. 9 The case of acetylene/Cu(001) with an indirect reaction pathway is not unique, many other examples of indirect excitation of the reaction coordinate (RC) mode have been established, e.g., the migration of CO on Pd(110). 6 However, the rotation of C 2 H(D) 2 /Cu(001) demonstrates many peculiar features. First of all there are the lower and higher thresholds at the bias voltage around 240-250 mV and 360 mV for the acetylene rotation, and seemingly only a single threshold at 275 mV for the deuterated acetylene rotation. While it is easy to assign the higher threshold to the C-H(D) stretch vibrational mode, the lower threshold and its absence in case of deuterated acetylene has not been previously discussed explicitly. Secondly, the crossover from linear (single electron process) to nonlinear (two-electron process) dependencies of the rotation rate of the C 2 H 2 /Cu(001) with increasing tunneling current has not been well understood. This nonlinearity becomes more pronounced with increasing the bias voltage. This is in contrast to the so-called coherent ladder climbing where reaction rate as a function of current approaches to a linear one with the increase of bias voltage. 10, 11 Previously, we have shown 7 that for the C 2 H 2 /Cu(001) the rotational probability can be divided into three partial processes
where the rates R A (V) and R B (V) are, respectively, the oneand two-electron processes with a higher threshold V ∼ 358 mV, and R C (V) is the one-electron combination band process, initiated via inelastic emission by tunneling electron of a pair of acetylene on Cu(001) vibrational excitations. We believe that such a splitting can be also done for the deuterated acetylene on Cu(001) surface. In this paper we analyse the linear R A (V) as well nonlinear R B (V) processes for both isotopologues of acetylene on Cu(001). We make the throughout analysis of their vibrational modes and estimate the anharmonic couplings between them. We also provide the explicit derivation of the excitation rate of the reaction coordinate mode via anharmonic couplings and make the comparison with the experimental results of Ref. 5. The analysis of the possible combination band ex-citations contributing to R C (V) is also given for the both isotopologues of acetylene on Cu(001).
The structure of this paper is the following. In Sec. II we introduce the Hamiltonian of the system and discuss the linear process of the reaction coordinate excitation. In Sec. III we calculate the vibrational modes and lifetimes of the acetylene molecule on Cu(001) surface. Then in Sec. IV we estimate the anharmonic couplings between the vibrational modes. In Sec. V we introduce the Keldysh formalism to obtain the rate of the nonlinear process and compare it with the experimentally obtained results in Sec. VII. The discussion of the combination band process for the acetylene isotopologues on Cu(001) is given in Sec. VIII. Concluding remarks are given in Sec. IX.
II. MODEL INTRODUCTION. DIRECT EXCITATION
In order to describe the elementary processes that occur in the acetylene molecule on Cu(001) surface we divide the full Hamiltonian of the system on the electronic and vibrational (phonon) parts,
where the electronic part H e depends on the normal coordinates of the molecule {δq ν }. The electronic part of the Hamiltonian can be written in a form of the Anderson-Newns type Hamiltonian,
where the indices s(t) and a denote the substrate (tip) and adsorbate, respectively; the corresponding energy levels are ε s(t) and ε a ({δq ν }). Electronic tunneling matrix elements V t (tipadsorbate) and V s (substrate-adsorbate) give rise to a stationary tunneling current between the tip and the substrate through the adsorbate orbital at applied bias voltage V. The electron occupation functions in the substrate and tip are assumed to be Fermi distributions with the same temperature T but different chemical potentials µ t and µ s , µ s − µ t = eV. The excitation of the high frequency C-H(D) stretch modes is described with the expansion of the adsorbate orbital energy in the first term of Eq. (3) to the first order over the electronphonon coupling as
where χ is the electron-phonon coupling constant, ε a (0) is the unperturbed adsorbate energy, b h is the annihilation operator of the high frequency vibrational mode δq h = 2 −1/2 (b † h + b h ) which is directly excited by the inelastic tunneling current.
The high frequency vibration generation rate then reads
where ρ (h) ph (ω) is the Lorentzian-shaped density of states
and γ (h) eh is the inverse lifetime of the phonon mode h due to electron-hole pair excitation, specified in Tab. I.
At T = 0 the vibrational generation rate can be written in a simple form 14, 15 
where Θ(x) is the step function, and ∆ s (t) = π s(t) V s(t),a 2 δ ε − ε s(t) is the hybridization parameter of the tip and the adsorbate (substrate and adsorbate). The mechanism of the energy transfer to the reaction coordinate mode being separated on the partial processes (1) can be analysed as following. The linear partial process R A is the one-electron process of the direct excitation over the RC barrier, it is similar to the processes described in Refs. 6 and 16. It can be written as a linear function of the C-H(D) stretch mode generation rate
where the proportionality coefficient A is the energy transfer rate between the directly excited high frequency mode and the overbarrier excitation of RC mode. For the description of the indirect excitation of the RC mode via anharmonic couplings with the high-frequency C-H(D) stretch mode one needs to include the anharmonic couplings between the vibrational modes in H ph , the vibrational part of the Hamiltonian. In the lowest order only the cubic couplings have to be considered
where K ν,ν ,ν is the anharmonic coupling constant between the vibrational modes ν, ν , and ν . Intuitively it is clear that we are interested only in few addends in the last summation, those which connect the high frequency vibrational modes and the RC mode. In Sec. IV we provide the full analysis of the anharmonic couplings between the vibrational modes.
III. VIBRATIONAL MODES OF ACETYLENE ON CU(001)
The analysis of the vibrational modes of a single C 2 H(D) 2 /Cu(001) is made by means of DFT calculations on a 4×4 Cu(001) surface with one adsorbed acetylene molecule. 18 The calculations of relaxed geometries, vibrational energies, and electron-hole pair damping rates are carried out with SIESTA. 19, 20 21 and experimental 5, 22, 23 results. Due to the lack of the experimental data available for the vibrational modes of the deuterated acetylene on Cu(001) surface we provide the comparison with the vibrational modes for the C 2 D 2 on Cu(110). 23 For C 2 H 2 molecule the vibrational frequencies on Cu(110) and Cu(001) surfaces are similar. 22, 23 The last column of Tab. I gives (in relative units) the components of the vibrational mode angular momenta
i , where r i , m i are the atomic positions (in the acetylene molecule) and masses, r C.M. the centerof-mass, and δ r the ratio between the rotational barrier height and the energy of the vibrational mode it is only possible that hindered rotational mode No. 6 is responsible for the signal observed in the experiment. 5 The thermal activation energies B for the rotational mode of the C 2 H 2 and C 2 D 2 molecules on Cu(001) are determined experimentally 24 as 169±3 meV and 168±4 meV correspondingly. Our estimate of B with the nudged elastic band method for C 2 H 2 /Cu(001) is 100 meV, which is only in a qualitative agreement with the experimental data. The ratio of energy barrier height to the rotational mode energy Ω r = 78(63) meV (we use the experimental values 22, 23 ) is ε B /Ω r ≈ 2.2(2.6).
We also calculate by DFT the transmission coefficients T (ν) for inelastic electron to excite the vibrational modes of both isotopologues of the acetylene on Cu(001). The electrons from the STM-tip dominantly excite the C-H(D) vibrational stretch mode, the relevant transmission coefficients corresponding to the symmetric and asymmetric modes are T (1) = 1.3 × 10 11 (s×V) −1 and T (2) = 5.9 × 10 11 (s×V) −1 . From the transmission coefficients we estimate the probability factors to excite symmetric and asymmetric C-H(D) stretch modes as
−1 = 0.18 and (1 − ζ) = 0.82.
IV. ESTIMATION OF THE ANHARMONIC COEFFICIENTS FOR THE ACETYLENE MOLECULE ON CU(001)
Essential step in the analysis of the elementary processes in the C 2 H 2 /D 2 molecule on Cu(001) surface is the analysis of the anharmonic coupling K ν,ν ,ν between the vibrational modes ν, ν and ν of the adsorbed molecule. For this estimation we propose a simple model of the potential energy surface. We describe the C-H/D, C-C bonds by springs on rods (the latter to fix the central character of the forces):
where ω i j and L i j are the spring parameters. The LennardJones potential is used to describe the interaction between the carbon atoms and nearest neighbor Cu as well as between the H(D) atoms and the nearest neighbor Cu,
where ε i j is the depth of the potential and a i j the position of its minimum. The parameters are chosen to reproduce the vibrational frequencies and eigenvectors and are given in Tab. III. In order to estimate the anharmonic couplings between different modes we expand the potential energy to the third order in δ r i , the atomic displacements,
After rotating to the basis of normal coordinates we obtain
where {δ q i } is a set of normal coordinates and K (c) is classical anharmonic coupling between the vibrational modes of the system. The transformation from the original Cartesian coordinates to the normal coordinates basis has a form
where e α ν,i is the eigenvector coefficient between the normal coordinate δq ν and the shift of i-th atom in α direction δr
We introduce a dimensionless displacement vector δq ν in order to quantize the vibrational modes, so that δq ν = δq ν (2ω ν ) −1 and arrive from coordinates to operators in a canonical way δq ν → δq ν . Then, creation b † ν and annihilation b ν operators of the corresponding mode can be introduced and the vibrational Hamiltonian is transformed to (9) where the anharmonic coefficient K ν,ν ,ν is connected with the anharmonic coefficient before quantization as
. The resulting anharmonic coefficients K ν,ν ,ν for the C-H(D) symmetric stretch mode ν = 1 and the C-H(D) asymmetric stretch mode ν = 2 are shown in Fig. 2 . These modes This simple estimation of the anharmonic coefficient shows that the rotation of both isotopologues of the acetylene molecule is initiated via excitation of the asymmetric rotation mode No. 6. There are two processes leading to the excitation of the reaction coordinate mode No. 6, the excitation of a pair of the asymmetric rotation phonons or the excitation of one asymmetric rotation phonon and one phonon of the cartwheel mode No. 7.
V. ANHARMONIC PROCESSES CALCULATION. KELDYSH FORMALISM
We have shown in Sec. IV that the excitation process of the vibrational mode of the acetylene molecule involves two possible pathways, via double excitation of the reaction coordinate mode or via excitation of the reaction coordinate mode and the auxiliary idler mode. This allows us to write the vibrational Hamiltonian H ph as
where K h,r,r , K h,r,i are the anharmonic coupling constants, and ν = i is some auxiliary (idler) vibrational mode excited simultaneously with the RC mode. We discuss here both of the scenarios using the Keldysh diagram technique. 25 In both cases under consideration the frequencies of the vibrational modes are far from the resonance, Ω h > 2Ω r ∼ Ω r + Ω i and the anharmonic interaction between them can be treated as weak.
In what follows we derive the excitation rate of the RC mode due to the process described by H ph,2 ; the excitation rate due to H ph,1 can be obtained replacing the index i of the idler phonon in all formulas below, with the index r of the RC phonon.
For the description of the effective stationary occupation densities of the RC mode we use the Keldysh-Green's function method and kinetic equation.
14, 25 The anharmonic component of the excitation rate of the RC mode is given by the one-loop polarization operator. Neglecting the temperature corrections, it reads (16) where ρ (ν) ph (ε) is the density of states of the RC and highfrequency modes and n (ν) ph (ε) are the corresponding occupation densities. Formula (16) describes the energy transfer rate to the hindered rotation mode of an adsorbate due to the anharmonic coupling with the C-H stretch mode.
We proceed with the calculation of a total excitation rate Γ iet (Ω r , V) of the RC mode
After making a substitution of (16) into (17) and in the saddlepoint approximation the total RC excitation rate takes the form
The second term in Eq. (18) shows a threshold dependence on bias voltage with high threshold value Ω h , because it is proportional to the high-frequency mode occupation numbers
. It can be shown that the first term in (18) can be omitted due to the fact that n
The total excitation rate of the RC phonons due to the anharmonic term H ph,2 is (19) and that due to the anharmonic term H ph,1 is
Note that both rates are proportional to the C-H(D) stretch mode excitation rate Γ iet (Ω h ) and to small phonon densities of the RC and idler vibrational modes far from the resonance.
VI. LADDER CLIMBING WITH TWO-AND ONE-STEP PROCESSES
Using the expression (19) or (20) and Pauli master equation we are able to calculate the rotational probability rate R B (V). In this section we calculate the excitation rate of the RC phonons R B (V) using Pauli master equation. 15 Several processes of the rotation initiation of the acetylene molecule on Cu(001) -with low, intermediate, and high barrierhave to be considered depending on the height of the rotational barrier, see in Fig. 3 . The situations with low and intermediate barrier height may take place in case of C 2 H 2 molecule on Cu(001). While in case of C 2 D 2 the processes with high and intermediate barrier height are more probable, because of a lower energy of the hindered rotation mode No. 6 (see in Tab. I).
A. Low RC barrier
If the rotational barrier height is Ω r < ε B < 2Ω r , the onestep ladder climbing process takes place. 26 The excitation rate of this process Γ iet,2 (Ω r , V) is given by (19) and the relaxation rate is γ (r) eh , thus the Pauli master equation can be written as
The stationary solutions (in respect to P 0 ) for m = 1 states in the localization potential of the RC mode can be written as
P 0 P 0 . Reaction rate R B (V) is defined as a probability rate to overcome the localization potential barrier and in our notations it is the excitation rate from the first excited level
Substituting the expression for the excitation rate of the RC phonons (19) and (20) into Eq. (22) and using the expression for the high-frequency phonons occupation densities
we obtain the proportionality coefficient B
(1) between the excitation reaction rate and the phonon generation rate R (1)
where h, r, and i correspond to the vibrational modes No. 2, 6, and 7, respectively. Moreover, in the considered here case of a lower reaction barrier, Ω r < ε B < 2Ω r , the process of double excitation of the reaction coordinate phonons gives a contribution to the linear part R A (V) of the rotation probability. The rotation rate can be estimated then as R A (V) ≈ Γ iet,1 . Then the impact of this process into the proportionality coefficient A can be written as
where h and r correspond to the vibrational modes No. 1 and 6, respectively.
B. Intermediate RC barrier
If the rotational barrier height is 2Ω r < ε B < 3Ω r , the excitation rate is assumed to be dominated by the two-phonon anharmonic coupling with the high-frequency mode. The pair of RC phonons excitation rate Γ iet,1 (Ω r , V) is given by (20) and the de-excitation process is dominated by the single phonon relaxation rate γ The stationary solutions (in respect to P 0 ) for m = 0, 1, 2 states in the localization potential of the RC mode can be written as
P 0 P 0 and
Reaction rate R B (V) in this case is a sum of the excitation rates from the first excited state 6Γ iet,1 (Ω r , V)P 1 and from the second excited state 12Γ iet,1 (Ω r , V)P 2 ,
Analogously, the coefficient
C. High RC barrier
If the height of the RC barrier is even higher, 3Ω r < ε B < 4Ω r , the contribution only from the second excited state should be considered and the final value of the rotation probability is twice lower than in case of 2Ω r < ε B < 3Ω r ,
The coefficient B (3) between R 
VII. FIT OF THE ROTATION RATE AS A FUNCTION OF BIAS VOLTAGE AND ANHARMONIC CURRENTS ESTIMATION
In Sec. VI we showed that the reaction rate in all cases is a quadratic function of the RC phonon excitation rate which is a feature of the two-step ladder climbing process and differs only in a proportionality coefficient
To reproduce the experimental results from Ref. 5 we use the exact expressions for the total current I(V) and the generation rate of the high-frequency phonons, see Ref. 14. We tune the parameters of the model ε a (0), ∆ s , ∆ t to fix the value of the total tunneling current, the lifetime of the high-frequency vibrational mode due to electron-hole pairs excitations and the ratio between inelastic and total tunneling current. Dependence of the results on the value of the adsorbate electron energy ε a (0) is weak assuming that the ε a (0) is far from the Fermi energy ε F , µ s − ε a (0) Γ s + Γ t . We fix the value to be ε a (0) = 2 eV. According to our estimate this is in agreement with the asymmetric IETS signal reported in Ref. 27 .
We fix the total current I = 40 nA and the ratio of the inelastic component to the total value of the tunneling conductance σ in /σ ≈ 0.1 (this value follows from our DFT analysis). Then we obtain the following parameters of the hybridization between leads and the molecular orbital: ∆ s = 250 meV, ∆ t = 9.6 meV. The main vibrational mode is the C-H stretch mode with the frequency Ω h = 358 meV, and the lifetime τ ph = 1 ps (γ eh = 1 ps −1 ) obtained from our DFT calculations. These parameters allow us to calculate elastic and inelastic components of tunneling current as functions of the bias voltage and to fit the experimental data. The fitting coefficient of the linear contribution is A = 3 × 10 −6 and of the quadratic contribution is B = 7 × 10 −16 s −1 . In Fig. 4 the fit of the experimental data 5 of the C 2 H 2 /Cu(001) rotational rate is shown as a function of bias voltage for the tunneling current I = 40 nA. The dependence of the rotational rate as a function of the tunneling current is obtained with the same parameters as described above, see in Fig. 5(a) . This dependence is calculated by varying the molecule-tip hybridization parameter ∆ t as shown in Fig. 4(c) .
As we discussed in the previous section, there are two possible ways of the RC excitations. Using the parameters above and the estimate of the anharmonic coefficients K ν,ν ,ν , the estimation for B is made.
In case of a low energy barrier Ω r < ε < 2Ω r the expression for the coefficient B is given by Eq. (23) . We obtain B
(1) = 3 × 10 −15 s which is approximately of the same order of magnitude as the value B = 7 × 10 −16 s obtained from the best fit to the experimental data. The full set of parameters used for approximation B (1) and A 
In this case the contribution to the linear coefficient A is given by Eq. (24) . Using the same set of the parameters we obtain the estimated value of A (2) = 6 × 10 −3 which is three orders of magnitude larger than the value of A obtained from the fitting to the experimental data. Evidently, this makes the case of a lower reaction coordinate barrier Ω r < ε B < 2Ω r hardly possible.
In the other case of intermediate rotational barrier 2Ω r < ε B < 3Ω r the expression for the coefficient B is given by Eq. (28) . Using the parameters for C 2 H 2 /Cu(001): K h,r,r ≈ 30 meV, γ
202 meV, we obtain B (2) ≈ 2 × 10 −15 s, which is the same order of magnitude as the best fitted parameter B = 7 × 10 −16 s. As we can see, our rough estimate of the anharmonic coefficients gives us nevertheless an opportunity to obtain the amplitude of the nonlinear contribution B in the reaction yield quantitatively. This is mostly due to a large amount of the experimental data available in Ref. 5 which allows us to fix all the parameters of our estimation.
As in case of C 2 H 2 /Cu(001), we fix the total current I = 40 nA and the ratio of the inelastic component to the total value of the tunneling conductance σ in /σ ≈ 0.08. This value corresponds to the following parameters of the hybridization between leads and the molecular orbital: ∆ s = 250 meV, ∆ t = 14 meV. The main vibrational mode is the C-D stretch mode with the frequency Ω h = 265 meV, and the lifetime τ ph = 3.3 ps (γ eh = 0.35 ps −1 ) obtained from our DFT calculations. The fitting parameters for the one-and two-electron processes are equal to A = 8 · 10 −7 , B = 2 · 10 −16 s. The fitted rates R A (V) and R B (V) are shown as blue dashed and red dotted curves in Fig. 6 . We also show the dependence of the rotation yield as a function of tunneling current for the deuterated acetylene on Cu(001) in Fig. 5 
2. This estimated coefficient is 5 or 2.5 times larger than that obtained from the fit to the experimental data, B fit = 2 · 10 −16 s. We believe that both of them are in a reasonable agreement, bearing in mind the simplifications of the theoretical method.
VIII. COMBINATION BAND PROCESSES
Considering the excitation of the acetylene isotopologues on Cu(001) we have to discuss also the excitation process of the rotational motion below the main threshold. The magnitude of the reaction yield of C 2 H 2 molecule is very low but non zero and exhibits a lower threshold of ∼ 240 − 250 mV. The energy scale of this threshold is of the order of the vibrational energies but according to the vibrational modes analysis in Tab. I there are no corresponding vibrational modes. Our proposal is that several vibrational modes are involved in the electron-phonon scattering, i.e., the combination band process occurs. 7 Note that for the rotation rate of the deuterated acetylene molecule on Cu(001) surface no rotation below the high energy threshold at 275 mV was observed. 5 To understand what happens here we consider the same type of the processes as in case of C 2 H 2 /Cu(001), where the combination No. 6 C-H(D) asym rotation or out-of-plane bend band process is well resolved in the experiment. We consider the following process of an inelastic electron tunneling which involves a simultaneous combination band 28 generation of two coherent phonons ν = c1, c2. Assuming that the adsorbate energy in Eq. (3) is now a function of these vibrational modes, ε a ({q c1 , q c2 }) , and expanding it in a Taylor series
where η = ∂ 2 ε a ({0})/ (∂q c1 ∂q c2 ) and, b c1 and b c2 are the annihilation operators of the vibrational modes with frequencies Ω c1 and Ω c2 , and damping rates γ In order to calculate the excitation rate of coherent phonons we use the Keldysh-Green's function method. 14, 25 , neglecting the temperature corrections (i.e., assuming T = 0). It can be shown that the form of a single-phonon process rate Γ iet (Ω, V), 14 Eq. (5) can be used, where the single vibrational frequency is replaced by the sum of two vibrational frequencies. This gives for the combinational reaction rate
where
Table II summarizes the possible combinations of the vibrational modes near the high-frequency threshold Ω h for both acetylene isotopologues and the coefficients C of the corresponding coherent processes. Figures 4 and 6 show the combination band processes for the C 2 H 2 and C 2 D 2 isotopologues respectively. We plot the rate of the combinational process involving the vibrational modes No. 3 and No. 6 for the both isotopologues (row 2 in Tab. II). The parameters used in calculations of C (the energies and lifetimes of the vibrational modes) are given in Tab. I. The values C obtained from the fit of the experimental data are 8.7 · 10 −9 and 5.3 · 10 −9 for C 2 H 2 and C 2 D 2 correspondingly. Although it is difficult to make a theoretical estimate of this coefficient, the fitting to the experiment shows that the combination band single-electron process is about A/C ∼ 200 times slower than the process with rotation excitation via the C-H/D stretch mode. This is in a reasonable agreement with the fact that the process Eq. (32) occurs in the next order of the perturbation theory compared with the process Eq. (4).
The fact that in the original experiment 5 no signs of the combination band process were observed in case of C 2 D 2 thus finds a simple explanation. It appears that due to different isotope shifts of different vibration modes (the isotope shift is maximal for the C-H/D stretch modes), the threshold of the process via the stretch mode excitation shifts in case of C 2 D 2 to Ω h = 275 meV. Whereas the combination band process threshold is only slightly shifted to 240 meV. As a result, the faster C-D stretch mode process screens the combination band process in case of C 2 D 2 .
IX. CONCLUSIONS
We have carried out the thorough discussion of the excitation processes of the rotations of the acetylene isotopologues on Cu(001) in STM-contact. Using the combination of the DFT calculations of the vibrational modes of the adsorbed molecules and estimation of the coupling coefficients between the vibrational modes, the reaction coordinate mode is identified. The linear and nonlinear processes thus are distinguished. For the description of the nonlinear RC excitation process we apply the Keldysh diagram technique for the nonequilibrium processes and the Pauli master equation for the stationary reaction rate calculation. We analyse several scenarios depending on the height of the RC barrier and provide the comparison of the experimentally obtained data for the acetylene isotopologues rotation on Cu(001) with the analytical dependencies of the reaction yield as a function of bias voltage and the tunneling current.
We also discuss the possible processes of the excitation rotational motion of the acetylene molecule below the main threshold ∼ Ω h . We show that the combination band processes are likely given by the combination of the vibrational modes that are only slightly shifted due to the isotope-effect in comparison with the isotope-shift of the main threshold.
